Introduction
Mitochondria, derived from endosymbionts of alpha-proteobacterial origin [1, 2] , underwent complex evolutionary rearrangements influencing the metabolic potential of their archeal host [3] . During this process, the endosymbiont gene content was severely reduced from at least hundreds of genes [4] , to present-day mitochondrial genomes encoding only up to 64 proteins in Reclinomonas americana [5] and merely 13 in humans. Thus, almost all genes encoding the endosymbiont's original metabolic pathways have been relegated to the nuclear genome, while leaving many, but not all, the endosymbiotic metabolic pathways in the organelle [6] . The proteins originally encoded by the endosymbiotic genome had to be retargeted to mitochondria. Interestingly, this losing of genes from the organelle to the nucleus and accompanying protein rerouting started immediately, in evolutionary terms, after the endosymbiosis event [4] . Recent analyses show a few endosymbiont systems retained entirely by mitochondria, despite their genes' relocalization to the nucleus. These are large protein complexes such as the respiratory chain complexes and the mitochondrial ribosome [7] . Some of the endosymbiont pathways are now found in other cellular compartments, and many mitochondrial pathways not using large protein complexes bear bacterial-not always proteobacterialevolutionary footprints. Mitochondria also gained new functions including membrane proteins at the interface with the rest of the cell [7] with entirely new roles in, for instance, cellular apoptosis. The severely reduced genome should thus not be seen to indicate a lack of importance of the organelle.
The mitochondrion is the essential powerhouse of the cell, with more than 90% of all energy (in the form of ATP) generated by the breakdown of glucose coming from oxidative mitochondrial processes in which the electron flow through respiratory chain complexes is coupled to the establishment of a proton motive force used for ATP generation: oxidative phosphorylation, the OXPHOS system [8, 9] . Most biochemists would agree that highly complex (multi) cellular organisms seem unlikely to evolve in the absence of the highly efficient ATP generation occurring in mitochondria. However, whether the role of oxygen as the final electron acceptor was crucial, is still debated. In any case, many instances of present-day anaerobic uni-or multicellular eukaryotes are known [10] . For a discussion considering which aspects of the development of mitochondria from the endosymbiont were crucial in allowing major increases in (genome) complexity, see Lane and Martin [11] . Regardless, the OXPHOS system is extremely efficient. Oxygen might also have played a more indirect role in enabling further organismal complexity, as it seems indispensable for full-fledged epigenetic signalling (via, amongst others, the marking of DNA and histone proteins, using methylation of cytosines and lysines, respectively). Getting rid of methylation in these cases seems to depend on oxygenases, and thus on oxygen [12] .
There is a price to pay, however [13, 14] . The use of molecular oxygen (O 2 ) as the final electron acceptor of the respiratory chain, with the formation of H 2 O, inevitably leads to the formation of very toxic by-products. They are found in the form of reactive oxygen species (ROS) [15] [16] [17] , depending on the respiratory state of the mitochondrion [17] . These form large pools of toxic molecules that the cell has to cope with. During the evolution of the two ancestors of the first eukaryotes and later on, several mechanisms evolved to deal with ROS, such as mitochondrial manganesecontaining superoxide dismutase (MnSOD), cytoplasmic copper-zinc-containing superoxide dismutase (CuZnSOD), glutathione-based systems and thioredoxins. For an overview of general and mitochondrion-specific anti-oxidant measures, see Andreyev et al. [18] .
Most of the present-day eukaryotes, and animals in particular, use O 2 as the final electron acceptor of the respiratory chain, with the exception of organisms using mitosomes, retaining only the role the mitochondrion has in Fe-S cluster assembly, or hydrogenosomes, producing molecular hydrogen instead of water [19, 20] . Even metazoans have now been found to live under conditions of continuous anoxia [10, 21] . Still, most eukaryotes build up the proton motive force for ATP generation using the oxidative OXPHOS system. This means that high amounts of ATP for eukaryotes are intrinsically linked to ROS formation inside the cell: internal radicals are inevitable in complex cellular life. Eukaryotes seem to have responded in two ways: as described above, they have harnessed older mechanisms to cope with the toxic by-products of using oxygen and evolved new mechanisms of mitochondrial quality control [22] . Additionally, eukaryotes made a virtue of necessity by using mitochondria and their oxygen radical generating ability as an important part of the apoptotic process used in (multicellular) eukaryotes [23, 24] .
Challenges during early eukaryotic evolution
During the first stage of metabolic reintegration upon the uptake of the precursor of the mitochondrion, the (pre)eukaryote must have been confronted with multiple hurdles during its transition to the full eukaryotic state. We concentrate on the hurdles presumably involved in catabolic oxidative processes using the alpha-proteobacterial respiratory chain as the final route that the energy-rich electrons from different food sources have to take to end up reducing molecular oxygen, allowing optimal ATP generation. Two problems seem logical at the onset of symbiosis. First of all, toxic ROS formed in the respiratory chain becomes a bigger problem for the composite cell, than it was for its constituent alpha-proteobacterium. Radical formation on the outskirts of the bacterium (which could even have played a role in cellular defence) now occurs in the middle of the new cellular entity. Additionally, over time, the new composite organism was likely confronted with other ROS-related problems as well, as separate catabolic routes of both endosymbiont and host had to be integrated to form a functioning eukaryotic cell. The host (as reflected by the current location of glycolysis in the cytoplasm) had sugar breakdown pathways, whereas the proto-mitochondrion was equipped with aerobic catabolic pathways for lipids, amino acids and glycerol, including a complete respiratory chain, beta oxidation and at least part of the citric acid cycle [19, 25, 26] . Although the ability to use alternating sources of energy such as glucose or fatty acids over time is of course an enormous source of versatility, greatly extending possible ecological niches of the eukaryotes (as illustrated by yeast [27] ), we can also think of intrinsic problems here.
One of the problems arising has to do with the fact that the relative amounts of FADH 2 and NADH (as reflected in FADH 2 /NADH ratios) generated during the breakdown of glucose differ from that of the breakdown of fatty acids. A respiratory chain functioning in glucose breakdown might encounter problems upon switching to fatty acid catabolism owing to competition for fully oxidized ubiquinone, as ubiquinone is also used as an acceptor by the electron transfer flavoprotein: ubiquinone oxidoreductase (ETF-QO) oxidizing FADH 2 [14, 28] . This FADH 2 is generated from FAD by reduction during the first recurring step of beta oxidation for every acetyl-CoA generated during fatty acid breakdown (a step catalysed by acyl-CoA dehydrogenase). This implies that especially during the breakdown of longer fatty acids the competition for ubiquinone becomes more difficult for complex I, which is known to be the major source of oxygen radicals [16] . As described before [14] , large electron fluxes via both complex I on the one hand and complex II, as well as ETF, on the other hand, would probably lead to a significant increase in radical formation (see also [17, 29] ). We further focus on the implications of these 'catabolic' difficulties with regard to radical formation in (pre)eukaryotic cells for eukaryotic evolution, and for metabolic reprogramming at the cellular and multicellular (tissue) level. A schematic overview of possible solutions to the problem of increased radical formation due to catabolism of substrates associated with high FADH 2 /NADH ratios is given in figure 1.
Did ( proto) mitochondria create circumstances favouring the rise of peroxisomes?
A number of predictions can be derived from the hypothesis that high FADH 2 /NADH flux ratios lead to increased mitochondrial radical formation, especially in cells with high energy needs. sensitive to oxidative damage should, as far as possible, forego mitochondrial catabolism in general and beta oxidation specifically. We consider the possible evolutionary solutions reflecting the first prediction next. As already stated [14] , the previous considerations give a surprisingly good explanation for the eukaryotic invention of peroxisomes. The hypothesis explaining their origin can be described as follows. Peroxisomes are known to be derived from, or coevolved with, the endoplasmic reticulum (ER) [31] [32] [33] [34] [35] [36] . According to the model, the forces giving rise to the evolution of peroxisomes stem from fatty acid catabolism, because of the fact that advantage accrues from mechanisms to lower the FADH 2 /NADH ratio during fatty acid breakdown. This is exactly what happened in the emerging peroxisome, the oldest pathway of which is beta oxidation [36] , without the generation of FADH 2 which has to be taken care of by the mitochondrial respiratory chain. Beta oxidation occurs in four steps:
thiolysis, i.e. cleavage by the thiol group of coenzyme A. The eponymous H 2 O 2 formed in the first reaction is dealt with by a specific peroxisomal enzyme, catalase. For more specific details, see Reddy & Hashimoto [37] . The ways in which the (partial) redistribution occurred are also telling. In mammalian peroxisomes, such as our own, the trade-off between minimal ATP loss (the 'ATP content' of FADH 2 generated in peroxisomes is lost because of direct oxidation, forming H 2 O 2 ) and overall reduction of the FADH 2 /NADH ratio led to the specific breakdown of very long chain fatty acids (VLCFAs) in the peroxisomes only. The VLCFAs have the highest FADH 2 / NADH ratios, consistent with our expectations. In plants and most yeasts, evolution led to the migration of all beta oxidation from mitochondria to peroxisomes. This further reduces mitochondrial radical formation by lowering competition between complex I and FADH 2 containing complexes, but at some energetic cost (see above). So why complete migration in plants and yeasts? Plants are able to be slightly less efficient with energy because they became autotrophs, synthesizing their own food. Plants gained this ability upon the secondary endosymbiotic event, the uptake of a cyanobacterium, which gave rise to the chloroplast. Many yeast species seem to use sugars, alcohol or organic acids as major sources of energy and in many cases have retained efficient fermentation pathways. All of this makes a complete relocation of fatty acid oxidation to the peroxisomes possible, while reducing oxygen radical generation. Reduction of radical formation by the respiratory chain can go even further, again at some energetic cost in the form of reduced proton pumping. Interestingly, mitochondria of Saccharomyces cerevisiae lack complex I, instead having a rotenone-insensitive NADH dehydrogenase (Ndi1). Ndi1 is formed by a single polypeptide which lacks all proton pumping function [30] . This points to a specific oxygen radical generating vulnerability associated with complex I even in the absence of beta oxidation (see also below). However, it should be mentioned that S. cerevisiae is not an ideal model in this context, as it survives using respiration, but thrives during fermentation.
Recently, an evolutionary force associated with fatty acid metabolism playing a role in the evolution of peroxisomes ( providing a possible advantage by sequestering toxic byproducts of such metabolism) has again been postulated [38, 39] . However, in this case, the cellular site at which oxygen radical formation during fatty acid metabolism leads to the selective force favouring peroxisome formation is thought to be the endoplasmic reticulum, instead of the ( proto)mitochondrion [38] . In addition, possible radical formation during fatty acid synthesis, instead of breakdown, is considered a driving force for peroxisomal sequestering of such reactions. There are, however, some issues that need to be resolved [39] . As mentioned, the most ancestral peroxisomal pathway is beta oxidation, the four steps of which are catalysed by only three enzymes, as step (ii) and (iii) are catalysed by only one protein: Pox2p (yeast nomenclature), an enzyme stemming from the alpha-proteobacterial heritage. This suggests a crucial contribution of mitochondrial metabolic enzymes to the evolution of peroxisome. Such a mitochondrial 'input' with regard to peroxisomal evolution is further strengthened by the following observations. Mammalian mitochondria and peroxisomes have been shown to communicate and cooperate intensively [40] . Quite recently, a direct relationship between both organelles has been found in HeLa cells, taking the form of cargo-selected transport from mitochondria to peroxisomes [41] . We also practically always find peroxisomes and mitochondria together. Amitochondriate, but hydrogenosome-containing species such as Giardia lamblia do not contain peroxisomes. Loss of peroxisomes goes together with extremely reduced mitochondrial function, such as lack of beta oxidation, in apicomplexans. Therefore, it appears that a likely candidate for the driving force behind peroxisome evolution is indeed reduction of mitochondrial radical formation inherent in beta oxidation of fatty acids owing to the high FADH 2 / NADH ratio involved. We know present-day peroxisomes are derived from the ER (see above). We also know that the peroxisomal protein import machinery is homologous to, and possibly derived from, the ER-associated degradation (ERAD) system [36] . Interestingly, a related mitochondrial system (MAD) has been discovered to operate [42] [43] [44] . This makes the reconstruction of the strict evolutionary order of events even more difficult. Although purely hypothetical, one could envisage all new endomembrane structures, such as peroxisomes, the nucleus and the ER evolving in reaction to evolutionary pressures resulting from endosymbiont entry. Both ER and Golgi formation took place over a relatively short time span, early on in eukaryotic evolution [45] . Indeed, a large number of important evolutionary events occurred rapidly between endosymbiont acquisition and subsequent eukaryotic radiation, which is consistent with early acquisition of, and adjustment to, mitochondria in eukaryotic evolution [4] . Using an adaptation to the endosymbiont to explain a general characteristic (here the peroxisome) of the eukaryotic lineage is also found in other models. One can think of Martin and Koonin's explanation for the development of a nucleus (and by extension of the ER) in response to alpha-proteobacterial group II introns migrating to the host genome [46] .
Further adaptations to internal radical formation upon competition for ubiquinone
What other kind of eukaryotic adaptations are possibly related to suppressing radical formation during breakdown of substrates with high FADH 2 /NADH ratios? First of all, the widespread tendency of respiratory chain complexes to form quaternary structures called supercomplexes is in line with such a function. For instance, it was observed that all the standard respiratory chain complexes except the FADH containing complex II can associate in such supercomplexes [47 -49] . Such supercomplex formation could restrict a (dedicated) ubiquinone pool to use by complex I only, reducing the chance of radical formation by reverse electron transfer (RET) from a general pool reduced by complex II. There are many indications that supercomplexes are involved in reducing radical formation [50] and that loss of supercomplex formation leads to increased superoxide formation and the mitochondrial ageing phenotype, most severely in postmitotic tissues [51] . Supercomplex formation represents a dynamic mechanism allowing cells to organize the respiratory chain optimally in dealing with varying carbon sources (and in specific cell types [48] ). Apart from supercomplex formation, the appearance of socalled uncoupling proteins (UCPs) could be linked to the dangers of radical formation by the mitochondrial respiratory chain inside the cell. Extensive radical formation via RET at complex I is found to be more pronounced when electrons are supplied to ubiquinone from succinate, alpha-glycerophosphate or fatty acid oxidation [17] . This radical production comes from electrons entering complex I through the ubiquinone-binding site(s), but is only observed if Dp is high (e.g. during extensive oxidation of both NADH and FADH 2 ). All the observations above are consistent with the kinetic model of radical formation owing to competition for ubiquinone. The precise molecular mechanisms playing a role are unclear. However, a high proton motive force (Dp) and large electron flows via FADH containing enzymes seem to be essential. In isolated mitochondria, RET-induced radical formation is abolished upon slight decreases of Dp [17] . This could mean that lowering Dp by the expression of UCPs would efficiently reduce radical formation in the cell. The UCPs form a family of proton transporters in the mitochondrial inner membrane which have been implicated in thermoregulation and protection against oxidative damage by their ability to induce uncoupling [52] [53] [54] . UCPs belong to the mitochondrial carriers family, an inner membrane protein family involved in transporting keto acids, amino acids, nucleotides, inorganic ions and cofactors across the mitochondrial inner membrane [55] . Mitochondrial carriers are part of the organellar interfaceand as such arose with the early eukaryote [7] . More recent evolution of UCPs indicates multiple duplications in vertebrates [56] . Five different UCPs have been identified [57] . They are found in highly variable amounts in various tissues in all modern mammals [52] , as well as in plants and unicellular eukaryotes. UCP1-3 have been studied in some detail, but UCP4 and 5 (interestingly, both mainly expressed in the brain, see below) have only been characterized more recently. UCP1 in mammalian brown adipose tissue has a clear role in heat production, whereas UCP1, UCP2 and UCP3, in other species, are implicated in ROS reduction, though their precise roles are still heavily debated. Interestingly, when mammalian UCP1 was expressed in yeast mitochondria, proton transport was increased significantly in the presence of the (saturated C-16) fatty acid palmitate or an oxidized fatty acid (4-hydroxy-2-nonenal) only. Together, they showed a clear synergistic effect [58] . 4-Hydroxy-2-nonenal can be formed by the activity of superoxide, a well-known ROS species, which can also activate UCPs on its own. So it seems that, as high ROS formation owing to RET in complex I driven by oxidation of fatty acids is acutely sensitive to Dp, it could thus be controlled via slight uncoupling of oxidative phosphorylation. This is accomplished by fatty acids via activation of UCPs. That activation would be even stronger in the simultaneous presence of oxidized fatty acids (see also [59, 29] ). In conclusion, the data regarding most members of the UCP protein family seem to support a role in dealing with specific problems of internal radical formation during fatty acid oxidation.
The 'special' position of neurons
Above, we predicted that all cells which are 'irreplaceable' or extraordinarily sensitive to oxidative damage should have reduced levels of mitochondrial fatty acid oxidation. A prime example of such cells are neurons. Neurons have very high energy demands. It has been calculated that the brain only accounts for approximately 2% of body mass, while it consumes 20% of total oxygen taken up by the entire body. In the brain, neurons have the maximum energy consumption, whereas astrocytes are only responsible for approximately 5-15% of its energy requirements [60] . This immense metabolic demand of neurons results from the fact that they are highly differentiated cells needing large amounts of ATP for maintenance of ionic gradients across cell membranes for neurotransmission [61] . We should also point out that neurons are completely dependent on the OXPHOS system for their ATP needs, as they are not able to switch to glycolysis when OXPHOS becomes limited [62] . In an apparent conflict with these high energy demands, it is beneficial for organisms if neurons are long lived, because they carry essential information for the organism. This poses a dilemma, as oxidative catabolism generates toxic oxygen radicals. Our considerations regarding FADH 2 /NADH ratios explain why neurons do not rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130446 use beta oxidation [14, 63, 64] 
Despite the banishment of fatty acids from the menu, neurons of course still need complete oxidative catabolism of glucose, with full mitochondrial involvement. This still results in radical damage, albeit reduced, that neurons accumulate owing to their high energy needs.
Mitochondrial diseases have extremely inconsistent clinical presentations, affecting any organ in isolation or combination at any age with variable severity. The genetic basis of these diseases is complex. Mutations in more than 100 genes encoded by the nucleus, inherited in a Mendelian manner, or on the mitochondrial genome inherited maternally, have been found so far [65, 66] . Organs with high energy demand are especially afflicted, most prominently the brain [65] [66] [67] . Neurodegeneration, in which neurons are specifically steadily destroyed, leads to a progressive loss of nervous system structure and function [68, 69] . Again, the pathological picture in neurodegenerative disorders is heterogeneous, affecting unique areas of the nervous system. In the brain, Purkinje cells and neurons of the dentate nuclei of the cerebellum as well as neurons of the inferior olivary nuclei of the medulla are considered to be most energy demanding, and thus most susceptible to damage [70] . Symptoms range from acute and rapid in progression to subtle and chronic [71] . The critical function of the neuronal OXPHOS system in maintaining bioenergetic needs is illustrated by the fact that OXPHOS dysfunction leads to defects in growth and trafficking as well as to apoptosis and neuronal death [72] . This, in turn, can lead to microglial activation, a pathophysiological consequence that can trigger catastrophic events such as further oxidative and nitrosative stress, ultimately leading to further neuronal damage and death [73] . OXPHOS dysfunction seems also involved in the occurrence of non-functional synapses and axonal degeneration [74] .
6. The possible role of mitochondrial reactive oxygen species production in neurodegenerative disorders
Despite not using beta oxidation, neuronal radical formation by complex I is still involved in pathogenesis. Increasing evidence shows that disrupted mitochondrial function, especially at complexes I and III, enhances ROS production in neurodegenerative disorders. Here, we briefly review the role of ROS in Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS) and Alzheimer's disease (AD) [75] [76] [77] . In PD, neurons in the motor centres such as the cerebellum and the striatum are decreased. Substantial decreases in dopaminergic neurons, containing proteinaceous Lewy bodies, of the substantia nigra pars compactica are observed [78] . PD patients not only show depletion of dopaminergic neurons, but also decreases in Purkinje cell numbers in the cerebellar cortex, explaining motor skill losses. It is still mostly unknown what causes PD; however, genetic mutations in Parkin [79] and PINK1 [80] , both implicated in the removal of damaged mitochondria via autophagy, have been observed. Defects in mitochondrial respiration, particularly at complex I [79, 81] , also result in elevated ROS production which further leads to increased oxidative stress and dopaminergic neuronal degeneration, all strongly correlating with development of PD [77] . Interestingly, in the context of our model regarding high FADH 2 /NADH ratios leading to ROS production because of competition for the acceptor ubiquinone, reduced complex I activity can be compensated by increased complex II activity in PD fibroblasts. Indeed, the contribution of complex II to ATP generation is hardly diminished when compared with control fibroblasts [79] . Moreover, 50% of late onset sporadic PD patient derived fibroblasts even were able to restore complex I activity upon incubation with ubiquinone [82] . These findings are paralleled in Drosophila mitochondria: parkin and PINK1 mutant phenotypes were found to be enhanced by mutations in the UBIAD1/Heix gene, involved in making the alternative electron acceptor vitamin K2. Overexpressing wildtype Heix or supplying vitamin K2 'rescued' Drosophila from PD-like symptoms [83] .
The motor neuron disease ALS shows loss of motor neurons in cortex, brain stem and spinal cord with aggregated neurofilaments in proximal axons of motor neurons. ALS presents Bunina bodies, eosinophilic aggregates found in anterior horn cells [84] . Apart from rare predisposing mutations in the mitochondrial superoxide dismutase gene (MnSOD; see above), ALS has no known causes. Surprisingly, in MnSOD mutant rats, binding of the misfolded mutant protein to VDAC1 was shown, resulting in reduced VDAC1 activity and loss of motor neurons [85] . This could imply that loss of MnSOD function in ROS protection is not important in the development of ALS.
AD is characterized by significant decreases in intellectual ability and memory, as well as personality changes [86] . AD gives rise to neurofibrillary tangles, constituted of hyper phosphorylated tau proteins. Extracellular senile plaques of b-amyloid (Ab) are most prominently found on cholinergic neurons supplying the hippocampus [87] . Increasing evidence points to a role of OXPHOS dysfunction in the development of AD. In a transgenic mouse model study, decreased mitochondrial membrane potential and decreased ATP levels in neurons could be observed and degree of cognitive impairment correlated with the amount of synaptic mitochondrial dysfunction [88] . Interestingly, Ab seems to inhibit several key mitochondrial enzymes in the brain, complex IV looking most relevant [89] . This last observation nicely illustrates one of the key problems in describing a neurodegenerative disease such as AD from a perspective of mitochondrial dysfunction and concomitant radical formation: is it cause or effect? [90] .
Complex I as the most important site of radical formation
As seen from the description of the most clear example of the involvement of ROS generation and a dysfunctional OXPHOS in the aetiology of neurodegenerative disease, PD, complex I plays a crucial role. It is known to be the major source of oxygen radicals [16] . Complex I has grown considerably in size during evolution, gathering so-called supernumerary subunits. It grew from its 14 bacterial subunits, to encompass 30 in algae and plants, 37 in fungi and at least 44 in human beings [91] . The process of complexification was most likely already (almost) complete in the very last eukaryotic common ancestor [92 -94] . It is tempting to think, that apart from performing chaperone functions during assembly and membrane insertion, as well as giving stability rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130446 to this huge protein complex, some supernumerary subunits are specifically involved in minimizing the occurrence of, and combating, radical formation. This however has to await further research into the specific roles of 'extra' subunits. Interestingly, at the origin of the vertebrate lineage, acylCoA dehydrogenase 9 (ACAD9), closely resembling very long-chain acyl-CoA dehydrogenase (VLCAD), lost its function in mitochondrial oxidation of fatty acids. Instead, it became a required factor for complex I assembly [95] . This could be another indication for a functional link between expressing enzymes involved in fatty acid oxidation and stress for complex I [14] . Very recently, pluripotent stem cells from patients carrying a common mutation in mitochondrial DNA, m.3243A.G, mutating the tRNA LEU gene, were generated. The most pronounced problems were associated with complex I. Upon differentiation to neurons, complex I seemed to be actively and specifically (!) degraded via mitophagy (involving PINK1 and Parkin-positive autophagosomes). After the concentration of complex I is thus diminished, complex IV becomes slightly impaired, possibly owing to extensive radical formation, and complex II is upregulated, presumably to compensate for the loss in ATP generation, as previously observed in patients carrying this mitochondrial DNA mutation [96] . Although it is known that oxidative stress can induce autophagy [24, 97] , such specific targeting of malfunctioning complex I points to its crucial position in the balancing act between ATP generation and radical formation.
Conclusion
Aerobic eukaryotic life has to perform a balancing act between efficient ATP generation and oxygen radical formation. If the cell is easily replaceable in a multicellular organism and it has high energy needs, then it will use mitochondrial beta oxidation of fatty acids, with the exception of one class, as explained by the model presented here. Such cells will only relegate VLCFAs to the peroxisomes, giving high ATP yields, while only somewhat reducing radical formation via complex I. Neurons have a different position along the line of mammalian cells as characterized by the trade-off between efficient ATP generation and amount of ROS generated. Neurons will not oxidize any fatty acids, but consume only less energy-rich glucose. However, breakdown has to be performed efficiently, with full mitochondrial involvement. Stem cells and some cancer cells (consider the Warburg effect) also only consume glucose, but can rely on permanent glycolysis with resulting lactate being recycled to glucose by other cells in the body (such as the hepatocytes), even further reducing their mitochondrial contribution and amount of ROS generated, especially by complex I. An impressive array of cellular mechanisms evolved partially to cope with the arrival of an internal oxygen radical generator in the form of the (pre)mitochondrion, among others: uncoupling mechanisms, partial or total segregation of fatty acid oxidation, mitophagy, the MAD pathway, supercomplex formation, adjustment of the respiratory chain complexes themselves and even apoptosis when possible. The results described here are fully consistent with the model we focused on, one in which FADH 2 /NADH ratios, as encountered during breakdown of different metabolites, are crucial to ROS formation. However, in the light of all the cellular adaptations just mentioned, proof will not be easy to come by. We have to await future experiments.
